A report on the design and construction of a dynamic equilibrium still and on preliminary work with sulfur dioxide-ethanolamine equilibrium systems by Stout, Joshua Wilson, III
Lehigh University
Lehigh Preserve
Theses and Dissertations
1956
A report on the design and construction of a
dynamic equilibrium still and on preliminary work
with sulfur dioxide-ethanolamine equilibrium
systems
Joshua Wilson Stout III
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Chemical Engineering Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Stout, Joshua Wilson III, "A report on the design and construction of a dynamic equilibrium still and on preliminary work with sulfur
dioxide-ethanolamine equilibrium systems" (1956). Theses and Dissertations. 5004.
https://preserve.lehigh.edu/etd/5004
' . -·.,?·~·-·-..,··. ~, ... , .... ,-~ ... 
A REPORT ON THE DESIGN AND CONSTRUCTION OF A 
DYNAMIC EQUILIBRIUM STILL AND ON PRELIMINARY 
WORK WITH SULFUR DIOXIDE-ETHANOLAMINE EQUILIBRIUM 
SYSTEMS 
by 
Joshua Wilson Stout, III 
A REPORT OF RESEARCH 
Presented to the Graduate Faculty 
of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
Lehigh University 
Bethlehem, Pa. 
1956 
1 
CERTIFICATE OF APPROVAL 
This report of research is accepted and approved 
in partial fulfillment of the requirements for the degree 
of Master of Science in Chemical Engineering. 
~Date Professor in Charge 
Head of the Department 
i 
ACKNOWLEDGMENTS 
This research project was proposed by Dr. Alan 
s. Foust, m1der whose supervision the work has been per-
formed. The author wishes to express his appreciation 
for the many helpful suggestions which Dr. Foust has 
given him. 
The assistance which has been received from 
the Staff of the Chemical Engineering Department is 
gratefully acknowledgedo 
The author also expresses his gratitude to 
the Weirton Steel Company for their financial support 
of the project. 
ii 
' ") 
' 
TABLE OF CONTENTS 
CERTIFICATE OF APPROVAL 
• • • • • • • • • • • • • • • • 
ACKNOWLEDGMENTS 
• • • • • • • • • • • • • • • • • • • • 
SUMMARY • • • • • • • • • • • • 0 • • • • • • • • • • • 
INTRODUCTION 
• • • • • • • • • • • • • • • • • • • • • 
1 
ii 
1 
2 
PART I: Design of Equilibrium still • • • • • • • • o 6 
Absorption Train •••••••••••••••• • 9 
Operating Tank • • • • • • • • • • • • • • • • o • 12 
Heating Unit •••••••••••••••••• • 14 
Controls and Accessories • o ••••••••••• 15 
Fig. 1: Power to Heater vs. Powersbat 
Setting •••••••• o ••••• 16 
Operating Procedure ••••••••• o •••• o 17 
Fig. 2: Sulfur Dioxide Absorption Train • o 21 
Fig. 3: Constant Temperature Bath •••• • 22 
Fig. 4: Experimental Apparatus •••••• • 23 
PART II: Sulfur Dioxide-Ethanolrunine Equilibrium 
Systems ••••••••••••• 0 0 •••• 24 
Design of Experiment • • • • • • • • • o • • • • • 
Scope of Work • • o • • • • • • • • • • • • o • o 
Total Alkalinity Determination ••• o •• o o • • 
Analysis of Absorbing Solution ••••••••• • 
Figs. 5 thru 9: pH Calibration Curves •• • 
Analysis of Stripping Solution •• o •••••• o 
Simulated Run • • • • • •••• o o o • o •••• 
APPENDIX 
Tables 1,21 3: 
Tables 4,5,6: 
Figso 10 thru 
LITERATURE CITED 
Experimental Data ••• 
Calculated Data ••••• 
13: Comparison of so2-MEA co2-MEA Equilibrium Data 
• • • • • 
• • • • 0 
and 
0 • I I 0 
• • • • • • • • • • • • • • • • • • • 
iii 
26 
29 
31 
32 
35-39 
40 
41 
43 .. 45 
46-48 
49-53 
54 
) 
( /. 
. . • .. • ~ t, 0 ,. • ,' " 'i 
( I 
• ,. Ill • .. 
I 
. \ " 
( , 
\ C, ,. ,. • 
* • • 
\ " " "' . . ... " " . ~ .. " ,. " ,., " • .. .. " .. 0 ~ "' " . . 
.. " • (t 0 
" " . 
. ,,,, .............. ,. 
. . 
. . .. .. 
" (' ,. 0. • • • 
... ,," ...... ,.. 
. . . 
. "' " . ... . 
" • • .. fl (' • " ,. 
' ' 
• (' 0- 0 • • 
' "' .. . . 
,.. .. r, ,. .. (" " " .. 0 
SUMMARY 
A dynamic type equilibrium still has been designed 
and constructed. Its operation is quite flexible; data 
may be obtained over a large temperature range for systems 
absorbing one or two acidic gases. The completed still has 
been tested and found to work satisfactorily. The details 
of its design and construction are presented in Part I of 
this report. 
Part II of the report contains a description of 
and the results of preliminary work on sulfur dioxide-
ethanolamine equilibrium systems. An outline of the design 
of the experiment and of the analytical procedures necessary 
for this system is giveno 
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INTRODUCTION 
Within roughly the last twenty-five years a 
great deal of study has been done in the field of acidic 
gas absorption. The literature is abounding with infor-
mation on the absorption of carbon dioxide, hydrogen 
sulfide and, more recently, sulfur dioxide (1). The 
emphasis on sulfur dioxide recovery was probably 
originally promulgated for economic and health reasons, 
but now I believe the interest in sulfur dioxide recovery 
is one of necessity. Since 1941 greatly expanded pro-
ductton in the fields of heavy chemicals, drugs, and metals 
has placed an extremely heavy demand upon our sulfur 
supplies. It is only a question of time when our supplies 
of elemental sulfur so easily mined in Texas and Louisiru1a 
will be depleted. 
Successful processes have been designed and plants 
operated employing such materials as basic aluminum suJ.fate, 
basic beryllium sulfate, ammonium sulfite and bisulfite, 
many arylamines, xylidene and toluidine as absorbents for 
sulfur dioxide (6). 
In the processes developed thus far the sulfur 
dioxide, the carbon dioxide, and the other acidic components 
of the stack gas are absorbed. Keeping in mind that sulfur 
recovery is the main objective, one realizes that the 
- 2 .. 
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separation after desorption of the sulfur dioxide from 
its diluents, mainly carbon dioxide, required a large 
e.x.penditure·of energy, very likely in the form of re-
frigeration. If an absorbent for the acidic stack-gas 
components was employed which was selective with respect to 
sulfur dioxide over carbon dioxide, some degree of economy 
in separation expense would result. In a parallel 
situation some success in utilizing the ethanolamines as 
selective absorbents for hydrogen sulfide in an hydrogen 
sulfide-carbon dioxide atmosphere has been reported by 
American and Russian researchers (1). 
A lqng·~~erm research program for a possible 
solution of the sulfur dioxide recovery problem may be 
visualized to include the following steps: 
(1) Choice of absorbent. 
(2) Obtaining equilibrium data for carbon dioxide-
absorbent system. 
' (3) Obtaining equilibrium data for sulfur dioxide• 
absorbent system. 
(4) Examination of equilibrium data for evidence of 
selectivity. Result will determine whether or not to use 
the given absorbent for further experimentation. 
(5) Study of the equilibrium of the three component 
system sulfur dioxide-carbon dioxide-absorbent. 
(6) Study of the rate of absorption of the three 
component system. 
(7) Examination of regeneration techniques for the 
absorbent. 
It is rather difficult to determine precisely 
at which of these stages the research should begin. Two 
factors which have influenced the program at Lehigh are: 
(1) Equilibrium data for carbon dioxide and many 
absorbents is available whereas data for sulfur dioxide 
systems is not widely existent. A review of the literature 
showed no informatlon regarding the equilibrium of sulfur 
dioxide-carbon dioxide and any absorbent. 
(2) Because of the strongly acidic pPOperties of 
sulfur dioxide, difficulty in regenerating its solutions 
is quite probable. Thermal and chemical means should be 
analyzed. 
' The experimental activity at Lehigh has evolved 
with a simultaneous investigation paralleling the two 
factors just mentioned. The author has undertaken the 
construction of an equilibrium still for ~tudy of two-or 
) 
three-component systems and will devote himself to 
measuring equilibrium quantities. This report presents a 
description of the equilibrium still and of preliminary 
work done on the sulfur dioxide-diethanolamine system. 
Dr. L.B. Andersen, Assistant Professor of Chemical 
Engineering, Lehigh University, to whom future reference 
, rrr 
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will be made, has undertaken a study of the rege~eration 
properties of sulfur dioxide-absorbent solutions. 
- 5 .. 
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PAR'r I 
DESIGN OF EQUILIBRIUM STILL 
The first factor considered in the still design 
was the materials which it would have to handle; namely, 
a wet, sulfur dioxide-containing, gas stream and a basic 
absorbent. An examination of the work of Roberson and 
Marks (5) on sulfur dioxide-ethanol81!1ine systems (actually 
very sketchy data for the ethanolamines) and comparison 
with the fine data of Mason and Dodge (4) on carbon dioxide-
ethanola.mine systems indicated that there might exist a 
distinct selectivity among the ethanolamines favoring 
sulfur dioxide over carbon dioxide. For this reason the 
design of the still was undertaken with the prospectus of 
employing aqueous solutions of the ethanolamines as the 
sulfur dioxide absorbent. 
The flexibil1 ty of a unit operating on the dynamic 
equilibrium principle, i.e. flowing gas stream, prompted 
the author to a design on that basis. The previously 
mentioned papers of Mason and Dodge, and Roberson and Marks 
served as helpful guides in the planning of this still. 
It was decided that 200 to 250 ml. of absorbent 
would be a practical and convenient volume with v\hich to 
work on each run and that a desirable gas flow rate would 
be approximately 500 cc/min, nitrogen being used as the 
carrier. Adequate agitation and mixing could thereby be 
- 6 .. 
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attained by bubbling the gas through the liquid by means 
of a coarse fritted glass cylinder. The still was designed 
and sized to handle those specified quantities of working 
materj.als. Special precaution had to be taken to ensure 
that the wet sulfur dioxide stream would not contact the 
manometer fluid. Other considerations were the provision 
of adequate area for heat transfer, the inertness of 
construction materials, and the ruggedness of the absorption 
unit. 
For completeness of information it is desirable 
to have equilibrium data covering a wide range of tempera-
tures, 35° to 90°C. To provide the attainment of this 
range of temperature operation, a consta.nt temperature 
bath of the external circulation-heating type was con-
structed. The bath contains Marcel JX, a light mineral 
oil product of the Essa Corporation, as its heating mediurn, 
An arrangement was incorporated which permits raising 
and lowering the temperature dependent parts of the absorption 
line into the constant temperature bath. 
A serious problem introduced by operation at 
elevated temperatures is the continual change in compositicn 
of a two component solution caused by a difference in 
saturation of the gas stream before and after it is passed 
through the solution. For facility in analysis it would be 
- 7 -
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desirable to keep the ratio of water to amine in the 
absorbing solution constant. By first bubbling by means 
of a fritted cylinder the gas through a saturing solution 
containing slightly more water than does the absorbing 
solution, an approach to constant water to amine ratio in 
the absorbing solution may be attained. Calculations 
show that for operation at 195°F. and 760 mm.Hg. during 
one hour the gas stream if passed through a 45 wt% 
diethanolamine saturating solution will ca.use an absorbing 
solution originally 50.0 wt% diethanolamine to be diluted 
with water to the extent of 1/2%; that is, the resulting 
absorbing solution will be about 49.5% amine. This small 
error in amine composition seems acceptable. 
A rather comprehensive description of the 
equilibrium still is presented under romponent divisions: 
absorption line, operating tank or bath, heating unit, 
and controls and accessories. A discussion of the general 
operating procedure is also given. Many of t.he important 
equipment dimensions are stated in the text, but reference 
may be made to the scaled drawings, Figures 2 and 31 and 
to Figure 4 for other dimensions and for convenience in 
following the written description. 
··-·-····-·- ----··--·--
-----------
ABSORPTION TRAIN 
The carrier gas is oil-pumped, cylinder nitrogen 
from Air Reduction Company. The acidic gas component in 
this case is Matheson commercial grade (99.90% purity) 
sulfur dioxide. Each gas cylinder is fitted with a pressure 
regulator and a needle valve to facilitate the attainment 
of a nearly constant flow rate. The individual gas lines, 
tygon tubing, lead to coils placed in a laboratory sized 
25°c. constant temperature bath. Pressure taps are placed 
in the gas lines so that a mercury manometer may be used 
to measure the pressure of the gases immediately before 
their flow rates are measured. An addition which may be 
installed is a thermo-electric means of measuring the gas 
temperatures near the point of the pressure taps. 
The gases are metered through Fischer and Porter 
variable-area flow meters of the low flow rate Tri-Flat 
type. Interchangeable meters with sapphire floats are 
available for the sulfur dioxide line; one will handle a 
range of about 6 to 60 cc/min at 70°F. and 805 mm. and the 
capacity of the other is of the order 50-500 cc/min. The 
nitrogen meter is the same as the larger of the two used 
in the sulfur dioxide rate measurement. As operated the 
meters serve merely as a comparative indication of the 
ratio of sulfur dioxide to nitrogen. If, however, the 
previously mentioned thermocouples were added to the system, 
- 9 -
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one would be able to calibrate the meters for direct rate 
measurement. 
After they have been metered, the two gases are 
mixed and pass to. the sections of the absorption train 
which are immersed in the large temperature bath. 
The first of these sections is a temperature 
equalizing coil three inches in diameter made of 12 mm. 
pyrex tubing. The next unit is merely a trap to prevent 
fouling of the system in case of back-up. It also provides 
additional area for heat transfer to the gas. 
In the following stage the gases are saturated 
by bubbling through a slightly diluted solution of absorbent. 
A coarse fritted-glass cylinder is the dispersing instrument. 
The critical absorption of sulfur dioxide occurs 
in the main absorption flask where the gas is dispersed 
through the absorbent solution in the same manner as in 
the saturating flask. A glass-coated thermocouple for 
measuring the temperature ~f the absorbent is inserted 
through the receptacle located in the top of the flask. 
The pressure over the absorbing mediwn is measured 
by use of a manometer connected to the adjacent f]a sk. To 
prevent the wet sulfur dioxide-nitrogen stream from con-
tacting the mercury in the manometer, a balancing circuit 
employing a separate nitrogen line and bubbler was constructed • 
- 10 .. 
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After the gas has passed through the pressure 
measuring stage, the gas line emerges from the constant 
temperature bath and goes to an ordinary wash bottle. 
There, in order to obtain the partial pressure of sulfur 
dioxide in the gas stream, a standard caustic solution is 
used to strip the sulfur dioxide from the gases. The 
volume of nitrogen flowing through the system is measured 
by a wet test meter connected to the outlet of the wash 
bottle. It should be mentioned that the capacity of the 
wash bottle and of the several flasks in the large tempera• 
ture bath is approximately 500 ml. 
- 11 • 
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OPERATING TANK 
The operating tank holds the constant temperature 
oil in which the absorpti?n train is placed. It is con-
structed of 3/8 inch iron plate; inside dimensions are: 
height 18 inches, length 31 inches, and horizontal depth 
7 inches. The tank is insulated on the outside with 1/4 
inch insulation board and rests on legs cut from 6 inch 
I-beams. An outlet for one inch pipe is located on the 
bottom of the tank so that the oil may be circulated to 
the heating unit. 
In the front of the tank is located a 10 by 12 
inch observation window. The pane is of dual construction. 
The inside layer is 1/4 inch pyrex plate glass; the outer 
layer is 1/4 inch Lucite plate. One eighth inch ga.skets 
of the softest neoprene available were placed between the 
receptive frame of the tank and the glass, between the 
glass and Lucite, and between the Luciteand the outer steel 
press frame. 
A screw type automobile jack was mounted upon the 
back of the operating tank. An appropriate gear linkage 
was connected so that the threaded shaft of the jack could 
be turned by a crank at the side of the tank. An aluminum 
frame upon which the absorption flasks could be clamped was 
fastened to the moveable arm of the jack; thus, the absorption 
.. 12 • 
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train could be easily raised from or lowered into the oil 
batlh • 
- 13 "' 
HEATING UNIT 
The heating . unit oonsists of a 30 g·allon ·drUJ11, 
.18 inches in di.ameter, held u1fr•ight i'n en engle-i~on ·st·an4 
so .tb.a t ·the bottom of the drmn is at a level. 18 inches 
above the top. of the operating tank. An. ·1nlet for one 
'inop p~pe is centered 2.5 inches. from the edge on the. 
bottom ··or the drum. 'l'he outlet tine is· a length ·or one 
and one ha.l( inch pipe cente,red four l_nches from the: edg·~ 
oppoEJite ·the inlet but on, _the same diamet~:r. The outlet· 
line extends up rive tnches iiit'o, the heat.ing drum. 'I'hus 
flow of .oil from the heating un1 t. to the o_perHting tari.k 
ia by grayi~Y• 
-
The main beating ~1emen~ ia a thromalox, 1500 
. . . 
_watt, steel ~heethed i_minerslon heater. A sim'ilar lbO. 
·watt element .ts utilized for cont:p·o1 bEi8t purposes. 
·r~iermocouples 13re pos-t.tioned u't 'J evels four· 811.d 1;wenty 
-lncbes from the bo.ttom of 1;he drt,.tm. 'l1he J_ocaU.on .. of bo'th 
the .beating elements t:ind tht;rrnoc.oupJ.es mH.y be seen· in Vigur·e 
• 14 • 
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CONTROLS AND ACCESSORIES 
Mounted on the control panel are a 20 ampere, 
variable output voltage powerstat for the main heater, 
1500 watts at 120 volts, and a switch for its power source. 
As an indication of the energy supplied to the oil, Figure 
l shows a plot of: (1) approximate (~2} voltage output 
of the powerstat for an input of 120 volts, and (2) power 
supplied-to heater versus setting of powerstat dial. 
The control heat circuit includes a pilot light 
wired in parallel with the 150 watt heater and a switch 
for its power supply. In series with the control heater 
is a bimetB.llic thermoregulator, Fenwal Model 17500. The 
sensitivity of the thermoregulators is reported to be 
0 0 0 0.1 F. and its range -100 to +400 F. The thermoregulator 
is located in the oil bath near the position of the ab-
sorption bottle. 
Also located on the panel board are the gas 
flowrators, the manometer for measuring the pressure of 
the feed gases, a thermocouple switchbox, and a switch for 
the oil circulating pump, a 3/4 horsepower Ingersoll-Rand 
centrifugal pump. 
• 15 • 
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OPERATING PROCEDURE 
Once temperature equilibrium of the oil bath 
is attained by operation of the main heat powerstat and 
the thermoregulator dial, the absorption train, charged 
with saturating and absorbing solutions of known compo-
sition and volume, is lowered into the bath. 
When the temperature of the absorbing solution 
reaches that of the oil bath, as indicated by a comparison 
of the readings of the thermocouples located in each 
medium, the nitrogen and sulfur dioxide, in that order, 
should be turned on. Adjust the pressure regulators 
and needle valves to give the desired ratio of nitrogen 
to sulfur dioxide and an approximation of the desired 
overall flow rate. Note that the stopcock located in the 
line immediately before the caustic containing wash bottle 
must be turned so that the gases leaving the oil bath exit 
directly to the exhaust hood. Operation of the still is 
maintained at constant temperature and constant gas rates 
until equilibrium is established in the absorbing solution. 
A method of determining the time to reach equilibrium wi~l 
be presented subsequently. 
After equilibrium has been attained, the stopcock 
to which reference was made previously is turned so that 
the gas stream passes through the stripping solution and 
• 17 • 
..J 
-
Ol 
1/) ; 
I") 
" 
r 
u 
z 
-
.o 
-
CJ 
w !r 
:r ~ 
f- 'JI 
o'-' 
f-" 
0 ~ 
..J 
- .. 
)( ~ 
.J 
0 '" 
-
<C 
~1 
~ 
; . ~,~ .. 
1.:_ 
' 
-
0 
..... 
1 -
11•ar~o 
Q 
;,i 
:,' 
the wet test meter before exiting to the hood. When the 
stopcock is turned, a stopwatch should be started to time 
the duration of flow through the caustic solution and wet 
test meter. Permit the gas stream to flow in this manner 
for about five minutes; then divert the gas stream from 
the caustic solution and stop the timer. Shut down the 
still. 
The composition of the gas in equilibrium with 
the absorbent solution may be calculated from knowledge 
gained by: (1) analysis of the caustic solution to indi-
cate sulfur dioxide rate, (2) notation of the nitrogen 
rate as given by the wet test meter, and (3) calculation 
of water vapor content by ideal solution considerations. 
Mason and Dodge (4) show that in the carbon dioxide-
ethanola.mine systems the error induced by estimating the 
water vapor content through ideal solution calculations 
is very slight. 
Knowledge of the composition of the resulting 
absorbent solution will complete the equilibrium data. 
For the sulfur dioxide-ethanolamine systems the analytical 
methods applied to the absorbent and caustic solutions are 
presented in Part II of this report. 
Heretofore reference has been made to the time 
required to reach equillbrium in the absorbing solution. 
• 18 ... 
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A means of estimating that quantity is now suggested. 
Throughout the presentation it is assumed that in all cases 
the operating conditions are the same; i.e., temperatures, 
pressures, flow rates, ratio of nitrogen to sulfur dioxide 
in gas, and initial ratio of water to amine in absorbent 
makeup solution. 
Equilibrium in the absorbing solution is a state 
that may be approached from two directions; narnely, that 
in which sulfur dioxide is absorbed in an undersaturated 
solution and that in which it is desorbed from a super" 
saturated solution. Also note that a solution saturated 
with gas at 25°c. will be, if quickly placed in an atmos-
o phere at 50 c., supersaturated with respect to the 
0 equilibrium solution at 50 c. 
Proceed as follows. Employing an absorbing 
solution previously saturated at 25°c., operate the equi-
librium still at a high ratio of N2 to sulfur dioxide for 
a period of about two hours. Measure the sulfur dioxide 
content of the absorbent. It is hoped that equillbrium 
will have been attained within the two hour period; ex-
perience with carbon dioxide systems indicates that two 
hours should be more than sufficient. Next start with an 
unsaturated absorbent solution and operate the still for 
two hours with the exit gases passing through the caustic 
stripping solution. Measure the sulfur dioxide content 
.. 19 • 
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they are not the same, each run will have to be repeated for 
a longer time until a check on equilibrium is produced. 
During the time prior to the attainment of equilibrium in 
type two runs, sulfur dioxide will be absorbed in the 
saturating and absorbing solutions with the result that 
the sulfur dioxide content of the exit gas will be continually 
increasing. At given time increments during the run measure 
the caustic content of the stripping solution. Draw a graph 
of caustic concentration versus elapsed time. When equi-
librium conditions prevail, the change in caustic concen-
tration per unit time is constant because no more sulfur 
dioxide is being absorbed in the equilibrium flask. 
Therefore, the elapsed time at wh1ch the caustic concentration 
curve asswnes a constant slope will be 8Jl indication of the 
time required to reach equilibrium. It is believed that for 
sulfur dioxide systems the time will be short enough so that 
a marginal factor of at least fifty percent may conveniently 
be employed in actual operation to suffice as safety factor 
and to compensate for the effect of wide variations in 
operating conditions upon the length of time needed to 
attain equilibrium. 
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SULFUR DIOXIDE ETHANOLAMINE EQUILIBRIUM SYSTEMS 
Since early experiments (5) have shown that 
aqueous solutions of the ethanolamines possess a rather 
large absorptive capacity for sulfur dioxide and because 
there exists a possibility of the ethanolamines having 
the property of selectivity for sulfur dioxide over carbon 
,)I, 
dioxide; it was thought that knowledge of the equilibrium 
states of such systems would be of value to modern 
industry. 
The amines used in this work, monoethanolamine, 
diethanolamine, and triethanolamine, were commercial grade 
products purchased from the Dow Chemical Company. They 
were utilized directly as received; that is, nothing was 
done to upgrade their quality, for it was felt that data 
should be secured for materials that would most likely be 
available for any ultimate large scale application. The 
company's specifications for the amines are: 
* 
Monoethanolamine: 
Assay, minimum 
Apparent equivalent weight 
Water, maximum 
Diethanolamine: 
Apparent equivalent weight 
Monoethanolamine, maximum 
97.5% 
61.0-62.5 
1% 
105-108 
2.5% 
See Appendix, pg. (43), for comparison of equilibrium data 
carbon dioxide-MEA, sulfur dioxide-MEA. 
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Triethanolamine: 
Assay, minimum 
Apparent equivalent weight 
Diethanolamine, maximum 
Monoethanolamine, maximum 
Wat er, maximum 
85% 
140 .. 150 
15% 
1% 1% 
Other properties of the ethanolamines may be obtained from 
Dow publications ( 2). 
The amine concentre.tions given in this report 
are expressed in terms of molarity, the molarity being 
-1:· obtained by an acid titration with the assumption that 
all alkaline materials present are in the form of the 
desired amine. 
During the absorption of sulfur dioxide in 
aqueous solutions of ethanolamines, it is postulated that 
the following reaction chain occurs. The example presented 
is for a solution of diethanolamine. 
so 2 + H20 / H2so3 
(HOCH2CH2 ) 2NH + H20 - > (HOCH2c~) 2NH20H 
~. 
-· 
2( HOCH2 CH2 ) 2NH20H + H2so3 -, / __ ( HOCH2CH2 ) 2NH2_\ 2 
S03 +JH20 
j_{HOCH2CH2) 2NH~J 2so3 + H2so 3 -> 2(HOCH2CH2 ) 2NH2Hso3 
* See pg• ( 31 ) • 
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DESIGN OF EXPERIMENT 
Variables of the equilibriwn system to consider 
are: 
(1) Amine to water ratio in the absorbing solution. 
(2) Partial pressure of sulfur dioxide over the 
solution. 
(3) Temperature of the system. 
( 4) Fraction of amine converted to e. form of sulfite 
at equilibrium. 
The construction of the equilibrium. still is such that 
variables 1, 21 and 3 may be controlled at any given 
constant level. Thus, after analysis of the absorbing 
solution the experiment yields an equilibrium value of 
variable 4 for different sets of controlled variable con-
ditions. 
In order to obtain equilibrium. data that will 
fall in the range of possible absorbing and regeneration 
temperatures, it is proposed to operate at the following 
levels: 
Temperatures: 9o 0c. 
7o 0c. 5o0 c. 
30°c. 
Because viscosity increases with increase of amine 
to water ratio in the absorbing solution, economic consider• 
ations place a limit upon the ethanolamine concentrationo 
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Below is a list of solution compositions in weight percent 
amine at which it is desired to measure data. In practice, 
however, the concentrations are expressed in terms of 
molarity; depending upon the amine used the range is from 
Solution Compositions: 40% amine 
30% a.mine 
20% amine 
10% amine 
The volume percentages of sulfur dioxide in the 
dry make-up gas stream that provide a practical distribution 
of data are: 
Gas Compositions: 100% sulfur dioxide 
25% sulfur dioxide 
10% sulfur dioxide 
5% sulfur dioxide 
1% sulfur dioxide 
If experimental runs were made at all combinations 
of the above levels, eighty runs would be required for 
each amine or a total of two hrn1dred forty for the three 
ethanolamines; moreover, many duplicate runs would 
necessarily have to be made to check the reproducibility 
of resultso In an effort to reduce the number of runs to 
be made, an investigation of a statistical approach to the 
problem was undertaken. 
The solution resulting from that investigation 
is a design which eliminates about 35% of the previously 
expected number of runs. At each temperature level obtain 
... 27 • 
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equilibrium data at four sulfur dioxide gas compositions 
over the solutions containing 10% and 40 fo amine and at 
five scattered conditions among sulfur dioxide concentrations 
and solutions of 20 % and 30% amine. The minimum number of 
runs for each amine will then be fifty-two instead of eighty. 
Next, plot at each temperature level a graph of the equi ... 
librium partial pressure of sulfur dioxide versus the 
quantity of sulfur dioxide in the absorbing solution, using 
the amine to water ratio of the solution as a parameter. 
The equilibrium information may then be completed by filling 
in the curves, preserving similarity of shape. 
- 28 .. 
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SCOPE OF WORK 
It has been stated that to simplify the overall 
scheme of analysis and therefore reduce the time required 
for completion of a run the equilibrium still has been 
designed to attempt to maintain a constant ratio of amine 
to water in the absorbing solution. That ratio may be 
measured by means of a total alkalinity determination, 
assuming all basic components of the solution to be in 
the form of the principle amine, employing titration with 
a standard acid. If the amine to water ratio remains 
constant throughout the run, final analysis of the absorb-
ing solution would entail only the determination of the 
quantity of sulfur dioxide absorbed. Once charts of pH 
as a function of the number of moles of sulfur dioxide 
present in each liter of solution at the various amine 
to water ratios of operation and at a standard 25°c. 
temperature are constructed, the amount of sulfur dioxide 
absorbed can be found by a simple pH measurement. Before 
the pH measurement is made during operation, the absorbing 
solution, after reaching equilibrium, must be removed from 
0 the oil bath and cooled to 25 c. Undoubtedly during the 
cooling period some additional sulfur dioxide will be 
absorbed, but since very little of the ro lution surface 
is exposed, it is expected that the sulfur dioxide absorbed 
• 29 • 
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in excess of the equilibrium value at thehigher temperature 
will be small. In the way of a compensating error is the 
factor of loss of some sulfur dioxide when the solution is 
poured into the beaker used in making the pH measurement. 
A great deal of experimental work has been done 
in making the calibration charts for the pH metero The 
method employed and the resulting curves are presented in 
this report under the heading "Analysis of Absorbing 
Solution". The constant temperature bath has been run for 
several hours to determine its operating characteristics 
and a simulated run has been made to test the absorption 
train. Also a method of analyzing the stripping solution 
used in determining the sulfur dioxide flow rate has been 
tested. 
• 30 • 
J 
,, 
TOTAL ALKALINITY DETERMINATION 
The procedure for measuring the total alkalinity 
of the aqueous ethanolamine solutions, i.e. its amine to 
water ratio or apparent equivalent weight, was that recom-
mended by the Dow Chemical Company (3). 
Briefly, the method is as follows: A sample 
(5 or 10 ml) of the ethanolamine solution is pipetted 
into an Erlenmeyer flask. Four drops of a 0.04% brom 
cresol green indicator solution are added. The contents 
of the flask are then titrated to the first color change 
(blue to yellow) with standard one normal hydrochloric 
acido 
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ANALYSIS OF ABSORBING SOLUTION 
In order to obtain the calibration curves for 
the effect of absorbed sulfur dioxide upon the pH of 
ethanolamine solutions, a chemical means of analysis for 
sulfur dioxide was applied in conjunction with taking the 
pH measurement. The analysis was based on a combination 
of the following two reactions which will occur in an 
acid medium. 
KI03 + 5KI + 6HC1 
+ .. a: 3I2 + 6K + 6Cl + 3H2o 
b: 3I2 + 3S03 = + 3H2o 3SO 4= + 6I- + 6H+ 
+ 
-
overall: KI03 + 5KI + 3S03- + 6HC1 3SO 4= + 6K+ + 6M + 6Cl. 
When KI03 is added to a sulfite solution containing some KI, 
r2 is produced which will in turn oxidize the sulfite present 
to sulfate. When enough KI03 has been added to have com .. 
pleted the oxidation of all the sulfite, the next bit of 
KI03 will produce free iodine in the solution. 
The titration procedure employed in analyzing 
the absorbing solution is based on the principle above. 
Slightly less than an estima.ted equivalent quantity of 
standard 0.2M KI03 is run from a buret into an Erlenmeyer 
flask. A few crystals of KI are added to the contents of 
the flask. The desired sample of amine-sulfite solution 
is pipetted into the flask beneath the surface of the Kio
3 
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solution. If the amine-sulfite solution is basic, a few 
milliliters of 6N HCl should be added to acidify the 
contents of the flask and thus initiate the redox reactions. 
A few drops of starch indicator solution are also added. 
The solution is then titrated with the 0.2! KI03 from the 
buret to a blue starch end point. 
The experimental apps.r2..tus used in tb e c ali bra ti on 
runs consisted of saturating and absorbing flasks, con-
taining the amine solutions, placed in series in a 25°c. 
constant temperature bath. The bubbles in each flask was 
fitted with a coarse, fritted glass cylinder. Sulfur 
dioxide was bubbled through the solutions. During the run 
an interface was noted to form in the amine solutions, 
probably a result of a density difference between that 
portion of the solution which had absorbed sulfur dioxide 
and that portion with which sulfur dioxide had not yet 
come into contact. When the level of this interface 
reached the top of the solution, the entire solution turned 
yellow in a very short time. The sulfur dioxide was per-
mitted to bubble through the solution for several minutes 
after it had become yellow. It is thought that the point 
at which the solution turns yellow is the equivalence point 
in the reaction of amine to bisulfite, for subsequent 
titrations showed that upon dilution with pure amine solution 
the yellow color disappears near that equivalence point • 
... 33 • 
' I 
j 
F 
r 
i 
,, 
The pH of the amine-sulfite solution was measured 
with a battery-operated Photovolt Model 125 pH meter 
equipped with a calomel electrode and a Beckman amber glas.11 
electrode. A sample of the solution was analyzed for 
sulfur dioxide content by the previously described titration 
method. The solution was then diluted with sulfur dioxide 
free amine solution and the pH measurement and chemical 
analysis were performed again. This process was continued 
until the dilution of the absorbing solution with respect 
to sulfur dioxide was almost complete. 
The results of the calibration work are plotted 
in Figures 5 to 9. A troublesome factor which necessitates 
measuring the total volume of the absorbing solution after 
an equilibrium run is the change in volume caused by ab-
sorption of sulfur dioxide in ethanolamine solutions. See 
the paper by Roberson and Marks (5) for the order of 
magnitude of this volume change. To summarize: considering 
the amine to water ratio to remain constant for any run of 
the equilibrium still, determination of the amount of sulfur 
dioxide absorbed required in conjunction with use of the 
calibration charts measurement of the final volume of the 
absorbing solution and its pH. 
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ANALYSIS OF STRIPPING SOLUTION 
The flow of sulfur dioxide through the still at 
equilibrium is measured by scrubbing it from the gas stream 
over a given period of time. The standard caustic scrubbing 
solution is analyzed for unreacted ca.t:s tic. The suJf i te 
formed by absorption of sulfur dioxide is oxidized to 
sulfate with excess hydrogen peroxide, and the scrubbing 
solution is then titre.ted with standard hydrochloric acid 
to a phenolphthalein end point. The amount of sulfur 
dioxide that was absorbed is determined by the difference 
between the caustic charged and the unreacted caustic at 
the end of the scrubbing run. 
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SIMULATED RJN 
The constant temperature bath was operated for 
several hours under varied conditions to obtain information 
on its temperature characteristicso With no insulation on 
the oil lines or around the heating tank, control was 
maintained within .! 1°c. at high temperatures. The entire 
1500 watts of the main heater plus the 150 watts of the 
control heater were necessary to hold temperatures of 
about 90°c. It is felt that excellent operating character-
istics will be secured once the oil lines and he&ting tank 
are well. insulated and a 250 watt control heater is installed 
in place of the present one. 
When the bath was stabilized at 90°c., a simulated 
run of the equillbrium still was mnde. Two hundred milli-
liters of two molar aqueous dietbanolB.mine were placed in 
the saturating and absorbing flasks. In this run the 
bubbles in the saturating flask was not equipped with a 
fritted glass cylinder; it was merely a length of 8 mm. 
glass tubinE;. Nitrogen was passed through the system at 
the rate of approximately 500 cc/min. The still operated 
well for about forty minutes when a nitrogen leak occurred 
at the ground glass joint at the top of the saturating 
flask. The system was then shut down. It was found that 
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the concentration of di ethanol amine in the a bro rbing 
solution had increased from 2.00 moles per liter to 2.08 
moles per liter, an undesirably large change. The magni-
tude of this change will be reduced considerably if a 
fri tted glass bubbler is used in the saturating flask 
and perhaps an external saturator may be installed in the 
nitrogen line. Once the absorption train has been modified 
in that manner, it may be assumed that the amine to water 
ratio in the absorbing s elution will remain at en acceptably 
constant level. It should be mentioned that the gro1md 
glass joints must be very clean and that a heavy application 
of silicor.e grease is required if a good seal of tho 
absorption and saturating flasks is to be obtained. 
w 42 • 
uJ 
X 
l-
o 
l-
o 
-; 
)( 1 
0, 
- , 
I 
( 
I 
I 
APPENDIX 
r --··-- --------- ---· -
r 
~: 
t. 
.. ,,. 
EXPERIMENTAL DATA 
Table I: pH Calibration for 2M Diethanolsmine 
DEA: Lot #283; M = 2.ooso; V = 120 m.1. 
Temperature: 25°c. 
KI03: M = 0.2000 
Measurement ml. of DEA-S02 Dilution 
" .... 
No. pH 
1 2.13 
2 2.35 
3 2.75 
4 4.80 
5 5.40 
6 5.86 
7 6.16 
8 6ct45 
9 6.74 
10 7.93 
11 B.88 
12 9.17 
13 9.29 
14 9. 40 
15 9.56 
16 9.f36 
17 9.88 
18 9.97 
19 10.08 
20 10.14 
21 10.47 
221~ 11.27 
(pure 2M DEA) 
Sample ml/Std.KI0 3 ml.withdrawn/ml.2M DEA ilded 
10 39 .59 10/10 
10 36.46 10/10 
10 33.65 10/10 
10 30.90 10/10 
10 28.21 10/10 
10 25.92 10/10 
10 23c,82 10/10 
10 21.80 10/10 
10 19.99 20/20 
10 16.44 20/20 
10 13.50 20/20 
10 11.10 20/30 
25 20.99 25/25 
25 16 • .58 25/25 
25 13.09 25/25 
25 10.31 50/50 
25 5.91 50/50 
25 3.39 25/50 
25 2.20 50/25 
25 1.73 50/50 
25 1.00 25/0 
25 o.05 
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Table II: pH Ca.libration for 3M Diethanolarnine 
DEA: Lot #283; M = 3.0038; V = 120ml. 
Temperature: 25°c. 
KI03: M = 0.2000 
Measurement ml.of DEA-SO 
No• pH Sample 2 mloof Std.KI03 ml. wi thdrawn;ful. 3MDEA added 
1 2.07 5 29 .92 5/5 
2 2.16 5 28.39 5/5 
3 2.27 5 27.10 5/5 
4 2.44 5 26.08 5/5 
5 2.70 5 24089 5/5 
6 3.25 5 23.91 5/5 
7 4o76 5 22090 5/5 
8 5.25 5 21092 10/10 
9 5o74 5 20.os 10/10 
10 6.06 5 18. 48 10/10 
11 6.34 5 16.82 10/10 
12 6. 62 5 15.40 10/10 
13 7 004 5 13.98 10/10 
14 7.67 5 12.82 10/10 
15 8,57 5 11.72 10/10 
16 B.98 10 21.19 20/20 
17 9.28 10 17.36 20/20 
18 9,48 10 14.11 35/35 
19 11.68 pure 3M DEA 
20 9.66 10 9,32 35/35 
21 9.80 25 15.77 50/50 
22 10.03 25 8.38 50/50 
23 10.20 25 4o41 75/75 
24 10,68 25 lo30 25/0 
25 11.58 pure 3M DEA 
-
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Table III: pH Calibration for 4! Diethanolamine 
Measurement 
No. pH 
1 2.27 
2 2.57 
3 3o53 
4 4.92 
5 5.34 
6 5.82 
7 6.14 
8 6.46 
9 6.95 
10 7.85 
11 9.29 
12 9.46 
13 9.58 
14 9.70 
15 9.86 
16 10.00 
17 10.18 
18 10.48 
19 10.84 
20 11.72 
21 7.43 
22 8.33 
23 8.68 
DEA: Lot #283; M = 3.9964; V = 120 ml. 
Temperature: 25°c. 
KI03: ! = 0.2000 
ml.of DEA-S02 Dilution Sample mloof Std.KI0 3 ml.withdrawn/ 1,4M DEA roded 
')'l1 -
5 35097 10/10 
5 33.40 10/10 
5 30.90 5/5 
5 29 •. 58 5/5 
5 28.44 10/10 
5 26.22 10/10 
5 24009 10/10 
5 22.00 1.s/1s 
5 19.20 15/15 
5 16 •. 51 l.S/35 
5 12.22 20/20 
10 20.10 20/20 
10 17.20 20/20 
10 14.46 35/35 
10 11. 40 35/35 
10 7. 41 45/45 
25 11.75 75/75 
25 4o70 75/75 
25 1.87 25/0 
pure 4M, DEA 
5 17.30 5/10 
5 15.87 5/5 
5 15.09 5/0 
• 45 .. 
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CALCULATED DATA 
Table IV: pH Calibration for 2M Diethanola.mine 
Measurement 
No. 
Moles so2/li ter Moles so2/mole DEA % Conversion to Bi ... pH 2M DEA-so2soln. (negl.density dmges) sulfite (100% at 
m,so2/l,soln=l,946) 
1 2,13 20375 1.1830 122,05 
2 2,35 2,188 1,0894 112.44 
3 2,75 2,019 1,0055 103,75 
4 4.80 1,854 0.9233 95.27 
5 5,40 1,693 0,8429 87.00 
6 5.86 10555 0,7745 79.91 
7 6,16 1.429 0,7118 73,43 
8 6,45 1,308 0,6514 67,22 
9 6. 74 1,199 0,5973 61,62 
10 7,93 0,986 o. 4912 50,67 
11 8,88 o.s10 0. 4034 41,62 
12 9,17 0,666 0. 3317 34,23 
13 9,29 0,504 0,2509 25,90 
14 9.40 0,398 0,1982 20,45 
15 9,56 0.314 0,1565 16.14 
16 9,66 0,248 0 .1232 12,74 
17 9,88 0.142 0,0706 7.30 
18 9,97 · 0,0814 0 .0405 4,18 
19 10,08 0,0528 0,0263 2,71 
20 10.14 0.0415 0,0207 2,13 
21 10.47 0.0240 0.0120 1,23 
22 11.27 0.0000 0.0000 o.oo 
.. 46 • 
Measurement 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
18 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
Table V: pH Calibration for 3M Diethanolamine 
Moles so2/llrer Moles so2faole DE'A % Conversion to Bisul-pH 3MJFA~ solno ~@.censityd::unges) fi te ( 100% at m.so2/ l.soln. • 2.818} 
2.07 3.5904 1.1953 127.41 
2.16 3.4068 1.1342 120.89 
2.27 3.2520 1.0826 115.40 
2.44 3.1296 1.0419 111.06 
2.70 209868 o.9943 105.99 
3.25 2.8692 o.9552 101.82 
4.76 2.7480 o. 9149 97.52 
5.25 2.6304 0.8757 93.34 
5.74 2 • 4096 o.so22 85.51 
6.06 202176 o.7383 78.69 
6.34 2.0184 o.6720 71.63 
6.62 1.8480 0. 6152 65.58 
7.04 1.6776 o.5585 59 •. 53 
7.67 1.5384 0. 5122 54.59 
8.57 1. 4064 o.4682 49.91 
8.98 1.2714 0. 4233 45.12 
9.28 1.0416 0.3468 36.96 
9.48 0.8466 o.2s1s 30.04 
11.68 0.0000 0.0000 OoOO 
9.66 o.5592 o.1862 19.84 
9.80 0.3785 o.12so 13.43 
10.03 0.2011 0.0670 7.14 
10.20 0.105s 0.0352 3.76 
10.68 0.0312 0.0104 1.11 
11.58 0.0000 0.0000 o.oo 
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Measurement 
No. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
Table VI: pH Calibration for 4M Diethanola.mine 
Moles so2/liter Moles so2/mole pH 4~.JEA-S02soln. ( negl odensi ty changes) 
2.27 4.3164 1.0801 
2.57 4.0080 1.0029 
3.53 3.7080 o.9278 
4.92 3.5496 0.8882 
5.34 3.4128 o.8540 
5.82 3.1464 o.7873 
6.14 2.8908 007234 
6.46 2. 6400 o.6606 
6.95 2.304 0. 5765 
7.85 1.9812 o. 4957 
9.29 1.4664 o. 3669 
9.46 102060 0.301s 
9.58 1.0320 0.2582 
9.70 o.8676 0.2171 
9.86 o.6840 0.1712 
10.00 0.4446 0.1113 
10.18 0.2820 0 00706 
10.48 0.112s o.02s2 
10.84 o.0449 0.0112 
11.72 0.0000 0.0000 
7.43 2.0760 o. 5195 
8.33 1.9044 0. 4765 
8.68 1.8108 o.4531 
• 48 • 
DEA% Conversion to Bi-
sulfite (100% at 
m.so /l.soln.=3.665) 
2 
117.77 
109036 
101.17 
96.85 
93.12 
85.85 
78.88 
72003 
62.87 
54.06 
40.0l 
32.91 
28.16 
23.67 
18.66 
12.13 
7.69 
3.08 
1.23 
o.oo 
56.64 
51.96 
49 .41 
I• 
INDICATION OF SELECTIVE PROPERTY OF ETHANOLAMINES 
Figures 10, 11, 12, and 13 are included in the 
Appendix to show by direct comparison of equilibrium data 
the possibility of the ethanolamines' exhibiting a selectivity 
for sulfur dioxide over carbon ru.oxide. The information 
used in plotting the curves was obtained from references 
4 and 5o 
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